In this study, AZ91 magnesium alloy rods were used to investigate the effects of torsion deformation on microstructure and subsequent aging behavior. Extruded AZ91 rod has a uniform microstructure and typical fiber texture. Torsion deformation can generate a gradient microstructure on the cross-section of the rod. After torsion, from the center to the edge in the cross-section of the rod, both stored dislocations and area fraction of {10-12} twins gradually increase, and the basal pole of the texture tends to rotate in the ED direction. Direct aging usually generates coarse discontinuous precipitates and fine continuous precipitates simultaneously. Both twin structures and dislocations via torsion deformation can be effective microstructures for the nucleation of continuous precipitates during subsequent aging. Thus, aging after torsion can promote continuous precipitation and generate gradient precipitation characteristics. Both aging treatment and torsion deformation can reduce yield asymmetry, and torsion deformation enhances the aging hardening effect by promoting continuous precipitation. Therefore, combined use of torsion deformation and aging treatment can effectively enhance the yield strength and almost eliminate the yield asymmetry of the present extruded AZ91 rod. Finally, the relevant mechanisms are discussed.
Introduction
As the lightest metallic structural materials, Mg alloys are expected to replace some steel and aluminum alloys in vehicles for the purpose of weight reduction. However, the improvement of strength and anisotropy is still needed to extend the applications of Mg alloys. Precipitation hardening is an important hardening method and has exhibited high competitiveness in the development of high strength Mg alloys [1, 2] . Moreover, it has been reported that the characteristics of precipitates, such as size, morphology and distribution, strongly influence the precipitation hardening effect and mechanical anisotropy [1, [3] [4] [5] [6] [7] [8] . Therefore, an increasing amount of work has been focused on the controlling of precipitation characteristics.
Cold deformation is an effective way to tailor the precipitation behavior of Mg alloys [8] [9] [10] [11] [12] [13] . It has been reported that the high density of dislocations generated by cold working accelerated aging kinetics and facilitated the nucleation of precipitates during the aging process, leading to a higher aging hardening response [9] . Moreover, twinning deformation could also influence the precipitation behavior of Mg alloys. For Mg alloys, cold deformation along appropriate directions can easily produce a large number of {10-12} extension twins instead of dislocations [14] . Twin boundaries could be favorable nucleation sites for precipitates [15, 16] . Some works also found that pre-twinning deformation promotes continuous precipitation and suppresses the discontinuous precipitation in AZ80 and AZ91 alloys [8, 11, 17] . In addition, dislocations, textural change and twin lamellae via cold deformation can also be used to tailor strength-toughness properties and anisotropy of Mg alloys [18, 19] . Therefore, the combined use of cold deformation and aging treatment has become a new strategy to fabricate Mg alloys with good properties.
In previous studies, pre-cold deformation is usually carried out by pre-tension, pre-compression and pre-rolling [8] [9] [10] [19] [20] [21] . Recently, it has been found that torsion deformation is somewhat superior for improving the mechanical properties of rod-shaped materials [22] [23] [24] [25] [26] [27] [28] . Specifically, torsion deformation can introduce a gradient distribution of deformed microstructure compared with other deformation types. Thus, it is very interesting to investigate the effect of torsion deformation on precipitation characteristics of Mg alloys. AZ91 alloy is a typical precipitation-hardenable Mg alloy and has garnered much research interest due to its high strength and low cost [3, 29] . In this study, an extruded AZ91 rod is used. Microstructure evolution during torsion deformation and its influence on precipitation characteristics during subsequent aging are investigated. It is found that torsion deformation can effectively promote continuous precipitation and fabricate an Mg alloy rod with gradient precipitation characteristics. It is proven that the combined use of torsion deformation and aging treatment can enhance the aging hardening effect and eliminate yield asymmetry in the extruded AZ91 rod. Finally, the relevant mechanisms are discussed.
Experimental Section
The starting AZ91 material was an extrusion billet. Cylinders with a dimension of 85 mm × 180 mm were cut from the as-cast AZ91 alloy and homogenized at 400 • C for 24 h and then hot-extruded into rods with a diameter of 16 mm. The extrusion ratio was about 28:1 and extrusion rate was about 20 mm·s −1 . The temperature of the ingots was kept at 400 • C during the whole extrusion process. Extruded AZ91 rods were solution treated at 420 • C for 3 h, then quenched into water at room temperature. The solution-treated AZ91 rods were subjected to free-end torsion deformation. Dog-bone-shaped specimens with a gauge length as Φ 4 mm × 28 mm were prepared for the torsion deformation. The longitudinal axis of the specimen is parallel to the extrusion direction (ED). The torsion test was carried out at a constant rate of 2 rpm, which resulted in a maximum equivalent strain rate of 0.9 × 10 −2 s −1 at the sample surface. Figure 1a displays the torque-twist angle curve. According to previous literature [30] , shear stress versus shear strain curves can be calculated from measured torque versus twist angle curves and are shown in Figure 1b . It indicates that the shear stress increases with the shear strain via the work hardening effect and the sample finally fractures when the twist angle increases to approximately 220 • . In this study, the extruded rod is designed to twist to an angle of 180 • at room temperature. Part of these samples suffered aging treatment at 180 • C for 36 h. In total, four types of samples were prepared in this study. The processing histories of the four types of rods are listed in Table 1 . Table 1 . Extruded AZ91 rods subjected to various processing histories.
Samples
Processing History Tensile and compressive tests along ED of the twisted samples were performed at room temperature at a strain rate of 1 × 10 −3 s −1 . After torsion, some of the dog-bone-shaped specimens were used for the tension test, and the cylindrical specimens with nominal dimensions of Φ 4 mm × 8 mm were cut from the dog-bone-shaped specimens for the compression test. The yield strength was measured as 0.2% proof stress and the extent of yield asymmetry was described as the ratio of compressive yield stress to tensile yield stress (CYS/TYS).
Microstructures were characterized using scanning electron microscopy (SEM, JEOL, Tokyo, Japan) and electron backscatter diffraction (EBSD). EBSD measurements were carried out on cross-sections of the samples and characterized regions were near the surface of rods (edge position) and near the cores of rods (center position). The characterized region for edge position is about 1.8 mm from the rod axis and suffers a shear strain of approximately 20%. Surfaces of samples for EBSD measurement were prepared by mechanical grinding using silicon carbide papers, followed by electro-polishing in the AC2 electrolyte for 60 s at 20 V. EBSD analyses were carried out by using the HKL Channel-5 software (AZtecHKL, Oxford Instruments, London, UK). Figure 2 shows the EBSD maps and pole figures of SS samples. EBSD maps are shown as inverse pole figure (IPF) maps, grain boundary and twin boundary (GB and TB) maps and kernel average misorientation (KAM) maps. The grain size distribution can also be obtained by EBSD data [31] and shown in Figure 2e . The SS sample has a uniform microstructure with an average grain size of approx. 32 μm and a typical extrusion <10-10> fiber texture (i.e., <10-10> // ED texture). GB and TB maps indicate the SS sample is free of twin structures.
Results

Microstructure Evolution During Torsion
It has been reported that torsion deformation can introduce a gradient strain along the radius direction [22] . Thus, to clearly investigate the microstructure evolution during torsion, the edge and center positions on cross-section of rods were characterized by EBSD for ST sample, as shown in Figure 3 . After torsion, both edge and center positions contain a large number of {10-12} extension twins. The area fraction can be calculated by using EBSD data. It is found that the area fraction of twins in edge position (~22%) is far higher than that in center position (~8%) for ST sample. The Kernel Average Misorientation (KAM) was also calculated from the EBSD analysis. KAM cartography represents the mean angle between the crystallographic orientation of each pixel and those of its eight nearest neighbors (misorientations below 5° are included in the calculation of KAM). KAM maps are used to analyze the distribution and amount of dislocations, which quantifies the local lattice curvature [32] . Figure 4 shows the KAM distribution of various samples. For SS sample, the KAM analysis shows a very low misorientation exists in each grain. Torsion deformation increases the KAM. It shows that the KAM in edge position is remarkably higher than that in center position for Tensile and compressive tests along ED of the twisted samples were performed at room temperature at a strain rate of 1 × 10 −3 s −1 . After torsion, some of the dog-bone-shaped specimens were used for the tension test, and the cylindrical specimens with nominal dimensions of Φ 4 mm × 8 mm were cut from the dog-bone-shaped specimens for the compression test. The yield strength was measured as 0.2% proof stress and the extent of yield asymmetry was described as the ratio of compressive yield stress to tensile yield stress (CYS/TYS).
Microstructures were characterized using scanning electron microscopy (SEM, JEOL, Tokyo, Japan) and electron backscatter diffraction (EBSD). EBSD measurements were carried out on cross-sections of the samples and characterized regions were near the surface of rods (edge position) and near the cores of rods (center position). The characterized region for edge position is about 1.8 mm from the rod axis and suffers a shear strain of approximately 20%. Surfaces of samples for EBSD measurement were prepared by mechanical grinding using silicon carbide papers, followed by electro-polishing in the AC2 electrolyte for 60 s at 20 V. EBSD analyses were carried out by using the HKL Channel-5 software (AZtecHKL, Oxford Instruments, London, UK). Figure 2 shows the EBSD maps and pole figures of SS samples. EBSD maps are shown as inverse pole figure (IPF) maps, grain boundary and twin boundary (GB and TB) maps and kernel average misorientation (KAM) maps. The grain size distribution can also be obtained by EBSD data [31] and shown in Figure 2e . The SS sample has a uniform microstructure with an average grain size of approx. 32 µm and a typical extrusion <10-10> fiber texture (i.e., <10-10> // ED texture). GB and TB maps indicate the SS sample is free of twin structures.
Results
Microstructure Evolution During Torsion
It has been reported that torsion deformation can introduce a gradient strain along the radius direction [22] . Thus, to clearly investigate the microstructure evolution during torsion, the edge and center positions on cross-section of rods were characterized by EBSD for ST sample, as shown in Figure 3 . After torsion, both edge and center positions contain a large number of {10-12} extension twins. The area fraction can be calculated by using EBSD data. It is found that the area fraction of twins in edge position (~22%) is far higher than that in center position (~8%) for ST sample. The Kernel Average Misorientation (KAM) was also calculated from the EBSD analysis. KAM cartography represents the mean angle between the crystallographic orientation of each pixel and those of its eight nearest neighbors (misorientations below 5 • are included in the calculation of KAM). KAM maps are used to analyze the distribution and amount of dislocations, which quantifies the local lattice curvature [32] . Figure 4 shows the KAM distribution of various samples. For SS sample, the KAM analysis shows a very low misorientation exists in each grain. Torsion deformation increases the KAM. It shows Figure 3 also indicates that torsion deformation can cause textural change. To better investigate the effect of torsion deformation on the orientation relationship between c-axis and ED, the inverse pole figures of various samples are shown in Figure 5 . Extruded AZ91 rod contains extrusion fiber texture (i.e., <10-10> // ED texture), so the c-axes of most grains are perpendicular to the ED, as shown in Figure 5a . Both {10-12} twinning and slips could arouse the textural change. For the ST sample, the texture intensity of twin orientation is very weak owing to low twin fraction. For un-twinned regions, slip deformation can also cause the textural change, as shown in Figure 5b ,c. For the center position with low strain, un-twinned region retains the extrusion texture. For the edge position with maximum shear strain, the basal pole has a more widespread distribution and tends to rotate towards ED. Basal pole peak of un-twinned grains at the edge position locates at the ~80° from ED. Clearly, torsion deformation can generate gradient microstructure on the cross-section of as-extruded Mg rod. From center to edge on the cross-section of rod, both stored dislocations and {10-12} twins gradually increase and the basal pole of texture tends to rotate towards ED direction. Figure 6 shows SEM images of various aged samples. It is observed that Mg17Al12 phases exhibit a non-uniform distribution in SA sample. The coarse discontinuous precipitates (DP) and fine continuous precipitates (CP) usually simultaneously precipitate within the same grain, as shown in Figure 6a . Discontinuous precipitates with lamellar-shape usually mainly concentrate nearby grain boundaries and even could almost occupy the whole grain (e.g., Grain A in Figure 6a ). Through the statistics of five SEM images with an area of about 17689 μm 2 , the area fractions of DP (f-DP) and CP (f-CP) were evaluated and listed in Table 2 . It is found that f-DP is 48% for the SA sample. Torsion deformation can generate a gradient microstructure on the cross-section of AZ91 rod, as shown in Figure 3 . Thus, the SEM was carried out on the center and the edge positions to investigate the precipitation behavior during aging. For the center position, it is shown that the precipitates in the un-twinned regions of the STA sample exhibits a similar precipitation feature with SA sample. However, aging treatment can induce a uniform continuous precipitation within twins and twin structures are the favorable nucleation sites only for the continuous precipitation, as shown in Figure 6b . Thus, the f-DP is reduced to 34% in center position of the STA sample. For the edge position of the STA sample, both un-twinned and twinned regions can be the favorable nucleation sites for the continuous precipitation (Figure 6c ), resulting in that the coarse lamellar-shape discontinuous precipitates are strongly inhibited (f-DP = 11%). Moreover, it is noticed that the continuous precipitates in un-twinned and twinned regions of each grain exhibit different morphologies. This can be Figure 5 . Extruded AZ91 rod contains extrusion fiber texture (i.e., <10-10> // ED texture), so the c-axes of most grains are perpendicular to the ED, as shown in Figure 5a . Both {10-12} twinning and slips could arouse the textural change. For the ST sample, the texture intensity of twin orientation is very weak owing to low twin fraction. For un-twinned regions, slip deformation can also cause the textural change, as shown in Figure 5b ,c. For the center position with low strain, un-twinned region retains the extrusion texture. For the edge position with maximum shear strain, the basal pole has a more widespread distribution and tends to rotate towards ED. Basal pole peak of un-twinned grains at the edge position locates at the~80 • from ED. Figure 3 also indicates that torsion deformation can cause textural change. To better investigate the effect of torsion deformation on the orientation relationship between c-axis and ED, the inverse pole figures of various samples are shown in Figure 5 . Extruded AZ91 rod contains extrusion fiber texture (i.e., <10-10> // ED texture), so the c-axes of most grains are perpendicular to the ED, as shown in Figure 5a . Both {10-12} twinning and slips could arouse the textural change. For the ST sample, the texture intensity of twin orientation is very weak owing to low twin fraction. For un-twinned regions, slip deformation can also cause the textural change, as shown in Figure 5b ,c. For the center position with low strain, un-twinned region retains the extrusion texture. For the edge position with maximum shear strain, the basal pole has a more widespread distribution and tends to rotate towards ED. Basal pole peak of un-twinned grains at the edge position locates at the ~80° from ED. Clearly, torsion deformation can generate gradient microstructure on the cross-section of as-extruded Mg rod. From center to edge on the cross-section of rod, both stored dislocations and {10-12} twins gradually increase and the basal pole of texture tends to rotate towards ED direction. Figure 6 shows SEM images of various aged samples. It is observed that Mg17Al12 phases exhibit a non-uniform distribution in SA sample. The coarse discontinuous precipitates (DP) and fine continuous precipitates (CP) usually simultaneously precipitate within the same grain, as shown in Figure 6a . Discontinuous precipitates with lamellar-shape usually mainly concentrate nearby grain boundaries and even could almost occupy the whole grain (e.g., Grain A in Figure 6a ). Through the statistics of five SEM images with an area of about 17689 μm 2 , the area fractions of DP (f-DP) and CP (f-CP) were evaluated and listed in Table 2 . It is found that f-DP is 48% for the SA sample. Torsion deformation can generate a gradient microstructure on the cross-section of AZ91 rod, as shown in Figure 3 . Thus, the SEM was carried out on the center and the edge positions to investigate the precipitation behavior during aging. For the center position, it is shown that the precipitates in the un-twinned regions of the STA sample exhibits a similar precipitation feature with SA sample. However, aging treatment can induce a uniform continuous precipitation within twins and twin structures are the favorable nucleation sites only for the continuous precipitation, as shown in Figure 6b . Thus, the f-DP is reduced to 34% in center position of the STA sample. For the edge position of the STA sample, both un-twinned and twinned regions can be the favorable nucleation sites for the continuous precipitation (Figure 6c ), resulting in that the coarse lamellar-shape discontinuous precipitates are strongly inhibited (f-DP = 11%). Moreover, it is noticed that the continuous precipitates in un-twinned and twinned regions of each grain exhibit different morphologies. This can be Clearly, torsion deformation can generate gradient microstructure on the cross-section of as-extruded Mg rod. From center to edge on the cross-section of rod, both stored dislocations and {10-12} twins gradually increase and the basal pole of texture tends to rotate towards ED direction. Figure 6 shows SEM images of various aged samples. It is observed that Mg 17 Al 12 phases exhibit a non-uniform distribution in SA sample. The coarse discontinuous precipitates (DP) and fine continuous precipitates (CP) usually simultaneously precipitate within the same grain, as shown in Figure 6a . Discontinuous precipitates with lamellar-shape usually mainly concentrate nearby grain boundaries and even could almost occupy the whole grain (e.g., Grain A in Figure 6a ). Through the statistics of five SEM images with an area of about 17689 µm 2 , the area fractions of DP (f -DP ) and CP (f -CP ) were evaluated and listed in Table 2 . It is found that f -DP is 48% for the SA sample. Torsion deformation can generate a gradient microstructure on the cross-section of AZ91 rod, as shown in Figure 3 . Thus, the SEM was carried out on the center and the edge positions to investigate the precipitation behavior during aging. For the center position, it is shown that the precipitates in the un-twinned regions of the STA sample exhibits a similar precipitation feature with SA sample. However, aging treatment can induce a uniform continuous precipitation within twins and twin structures are the favorable nucleation sites only for the continuous precipitation, as shown in Figure 6b . Thus, the f -DP is reduced to 34% in center position of the STA sample. For the edge position of the STA sample, both un-twinned and twinned regions can be the favorable nucleation sites for the continuous precipitation (Figure 6c ), resulting in that the coarse lamellar-shape discontinuous precipitates are strongly inhibited (f -DP = 11%). Moreover, it is noticed that the continuous precipitates in un-twinned and twinned regions of each grain exhibit different morphologies. This can be attributed to the different observation crystallographic plane between un-twinned and twinned regions due to that {10-12} twining causes a grain rotation of~86.3 • [33] . Clearly, torsion deformation can promote the continuous precipitates and generate a gradient precipitation feature. attributed to the different observation crystallographic plane between un-twinned and twinned regions due to that {10-12} twining causes a grain rotation of ~86.3° [33] . Clearly, torsion deformation can promote the continuous precipitates and generate a gradient precipitation feature. The images at the middle are taken at higher magnification from the corresponding marked areas, and those at the right side show the detail observation of two types of precipitates, i.e., CP and DP, at high magnification. Figure 7 exhibits the tensile and compressive curves along the ED of AZ91 rods that underwent various treatments. Table 3 lists the detail mechanical properties. For SS sample, compressive yield strength (146 MPa) is far lower than tensile yield strength (231 MPa). Clearly, the SS sample exhibits a large yield asymmetry (CYS/TYS = 0.63). Torsion deformation can increase compressive yield strength (by 29 MPa) while decreasing tensile yield strength (by 11 MPa), resulting in the improvement of yield asymmetry (CYS/TYS = 0.80). Aging treatment can generate strong precipitation hardening effect on present AZ91 alloys. Yield strengths of SS sample are increased by 33 MPa and 80 MPa by direct aging for tension and compression, respectively. Table 3 also shows that the subsequent aging treatment after torsion deformation can generate higher hardening effect on the SS sample compared with direct aging. The increments in yield strength via combined torsion Figure 6 . SEM images of (a) SA; (b) center position of STA and (c) edge position of STA. Green dotted lines and red dotted lines outline the grain boundaries and twin boundaries, respectively. The images at the middle are taken at higher magnification from the corresponding marked areas, and those at the right side show the detail observation of two types of precipitates, i.e., CP and DP, at high magnification. Figure 7 exhibits the tensile and compressive curves along the ED of AZ91 rods that underwent various treatments. Table 3 lists the detail mechanical properties. For SS sample, compressive yield strength (146 MPa) is far lower than tensile yield strength (231 MPa). Clearly, the SS sample exhibits a large yield asymmetry (CYS/TYS = 0.63). Torsion deformation can increase compressive yield strength (by 29 MPa) while decreasing tensile yield strength (by 11 MPa), resulting in the improvement of yield asymmetry (CYS/TYS = 0.80). Aging treatment can generate strong precipitation hardening effect on present AZ91 alloys. Yield strengths of SS sample are increased by 33 MPa and 80 MPa by direct aging for tension and compression, respectively. Table 3 also shows that the subsequent aging treatment after torsion deformation can generate higher hardening effect on the SS sample compared with direct aging. The increments in yield strength via combined torsion deformation and aging treatment are 32 MPa and 115 MPa, respectively, for tension and compression. Moreover, aging treatment can also reduce the yield asymmetry and combining torsion deformation and aging treatment almost eliminates the yield asymmetry. The CYS/TYS are 0.86 and 0.99, respectively, for SA and STA samples. It can therefore be concluded that the combined use of torsion deformation and aging treatment can significantly enhance the yield strength and eliminate the yield asymmetry of the present extruded AZ91 rod.
Precipitation Behavior
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and aging treatment almost eliminates the yield asymmetry. The CYS/TYS are 0.86 and 0.99, respectively, for SA and STA samples. It can therefore be concluded that the combined use of torsion deformation and aging treatment can significantly enhance the yield strength and eliminate the yield asymmetry of the present extruded AZ91 rod. 
Discussion
In this study, torsion deformation can introduce a gradient distribution of microstructure. It could be attributed to the nature of torsion deformation, i.e., inhomogeneous deformation. Torsion can generate a gradient strain within the samples. The equivalent strain in torsion can be calculated as [34] :
where γ is shear strain, N is the number of rotation, r is the radial position in the sample, l is the sample length and ε is the equivalent strain. This shows that torsion deformation can generate a gradient distribution of strain and the equivalent strain linearly increases from core to surface of rod. As discussed in Section 3.1, with increasing shear strain, both dislocation density and twin amount increase and the c-axis of texture tends to rotate towards ED direction. Previous reports have revealed that dislocation slips are dominant deformation mechanism of torsion deformation for extruded Mg alloys [23, 30, 35] . Thus, the high-density of dislocations exist in un-twinned regions of edge position for ST sample, as shown in Figure 3b . Slip deformation via torsion can also induce the c-axis of texture rotate toward ED during torsion. The ideal orientation for Mg alloys under torsional shear deformation is known as B fiber texture with c-axis// ED [36] . For extruded Mg alloy rods, the c-axes of most grains are perpendicular to ED. On this occasion, torsion deformation will induce the c-axes to rotate towards ED [37] . 
where γ is shear strain, N is the number of rotation, r is the radial position in the sample, l is the sample length and ε is the equivalent strain. This shows that torsion deformation can generate a gradient distribution of strain and the equivalent strain linearly increases from core to surface of rod.
As discussed in Section 3.1, with increasing shear strain, both dislocation density and twin amount increase and the c-axis of texture tends to rotate towards ED direction. Previous reports have revealed that dislocation slips are dominant deformation mechanism of torsion deformation for extruded Mg alloys [23, 30, 35] . Thus, the high-density of dislocations exist in un-twinned regions of edge position for ST sample, as shown in Figure 3b . Slip deformation via torsion can also induce the c-axis of texture rotate toward ED during torsion. The ideal orientation for Mg alloys under torsional shear deformation is known as B fiber texture with c-axis// ED [36] . For extruded Mg alloy rods, the c-axes of most grains are perpendicular to ED. On this occasion, torsion deformation will induce the c-axes to rotate towards ED [37] . For the SS sample, the coarse discontinuous precipitates and fine continuous precipitates can simultaneously precipitate, as shown in Figure 6a . It is known that the continuous and discontinuous precipitations compete in an intricate manner because they nucleate and grow at different rates and with different mechanisms [38] . Figure 6 shows that the precipitation behavior of AZ91 alloys with high content of Al element can be influenced by cold torsion deformation. For the ST sample, both extension twins and dislocations have been introduced during torsion deformation. It has been reported that uniform continuous Mg 17 Al 12 phases are favorably formed within extension twins introduced by pre-strain [8, 11, 13, 17] . For the ST sample, both center and edge positions contain extension twins. After aging, twinned regions only contain dense continuous precipitates. The result is consistent with previous reports [8, 11, 13, 17] . It is known that center and edge positions suffer the lowest and highest torsion strain, respectively. Thus, it can be inferred that continuous precipitation in twins is independent from the pre-strain amount and twin size. Once the twins are introduced by pre-strain, the uniform continuous precipitation can be formed in twins during subsequent aging. However, for un-twinned regions, center and edge positions exhibit distinct precipitation behavior, as shown in Figure 6b ,c. For center position, the un-twinned regions have a similar precipitation behavior with SA sample. However, at edge position of ST, uniform continuous Mg 17 Al 12 phases can also be favorably formed within un-twinned regions as well as within extension twins and the coarse discontinuous precipitates can be almost completely inhibited.
Generally, lattice defects via pre-deformation can promote the nucleation and suppress coarsening of precipitates [8] [9] [10] [11] 13, 17] . Thus, precipitation characteristics could be related with the distribution of lattice defects. Figure 8 shows the KAM distribution of various regions in ST sample. It shows that average KAM in twins is still higher than that in un-twinned region for center and edge positions. Some studies have found that the lattice defects including dislocations and stacking faults in twins could be closely associated with migrations of twin boundaries [8, [39] [40] [41] . Thus, twinning deformation could introduce a large number of lattice defects inside twins, which can provide more heterogeneous nucleation sites for precipitation. By contrast, lattice defects (i.e., dislocations) of un-twinned regions results from dislocation slips and are more dependent on the plastic strain. Moreover, dislocation slips could also occur in pre-existed twins during deformation. Therefore, with increasing strain, both the lattice defects of twinned and un-twinned regions could increase. As shown in Figure 8 , from center to edge on the cross-section of ST sample, average KAM increases from 0.76 • to 1.78 • for un-twinned regions and 1.12 • to 2.35 • for twinned regions. Previous research has pointed out dislocations can facilitate nucleation of precipitates and enhance the number density of precipitates during subsequent ageing treatment [9] . Thus, it is considered that the high density of dislocations in un-twinned regions of edge position can also promote continuous precipitation and inhibit coarse discontinuous precipitation. For the center position, torsion deformation only slightly increases the average KAM of un-twinned regions (from 0.74 to 0.76) owing to low strain, as shown in Figures 4a and 8a . Thus, un-twinned regions of center position in ST sample exhibit a similar precipitation behavior with SS sample. Clearly, precipitation behavior of AZ91 rod is closely dependent on the amount of twins and dislocations. As shown in Figure 3 , torsion deformation generates a gradient distribution of twins and dislocations. Therefore, aging after torsion deformation can generate a gradient distribution of precipitate characteristics. Figure 7 shows both torsion deformation and aging treatment can greatly influence the mechanical properties. To understand the effect of the change in microstructure via torsion and aging on the tensile and compressive yield strength, a linear superposition rule is assumed to explain the contributions of various factors to the yield strength [15] : where σ 0 is a frictional contribution, σ HP is the contribution from refinement hardening, σ d is the contribution from dislocation hardening, σ ppt is the contribution from precipitation hardening and σ ori is the contribution from orientation hardening. Torsion deformation can introduce dislocations and twin lamellae and cause textural change. Dislocations and twin boundaries can generate dislocation hardening and refinement hardening effects, respectively [21] . Thus, it could be expected that torsion deformation can enhance the tensile and compressive yield strengths. In fact, present torsion deformation increases compressive yield strength, while reduces tensile yield strength, as shown in Figure 7 . The possible reason is textural change during torsion [22] .
Textural change will influence the Schmid factor (SF) of dominated deformation modes. For extruded magnesium alloy rods with fiber texture (i.e., c-axis⊥ED), the basal slip with the lowest critical resolved shear stress (CRSS) is hard to activate owing to the low SF for deformation along ED. Under this occasion, it is generally considered that yielding in tension and compression along ED are dominated by prismatic slip and extension twinning, respectively. The large yield asymmetry of as-extruded magnesium alloy is attributed to the fact that the CRSS for extension twinning is far less than that for prismatic slip [4] . Torsion deformation causes the c-axis of the texture to rotate towards ED and the largest angle of rotation can achieve ~10° in the edge position. The textural change via torsion will increase SF of basal slip during deformation along ED, resulting in the reduction of tensile yield strength. By contrast, it could exhibit a smaller influence on the compressive yield stress due to that the difference of CRSS between basal slip and {10-12} twinning is lower than that between basal slip and prismatic slip [22, 42, 43] . Thus, textural change via torsion can effectively reduce yield asymmetry of Mg alloy rods. Figure 7 shows that aging treatment can enhance the tensile and compressive yield strength. Moreover, it can also be found that increments of yield strength via aging treatment are 33 MPa and 80 MPa for tension and compression of SS sample, respectively, and are 39 MPa and 86 MPa for tension and compression of ST sample, respectively. It shows that ST sample has higher aging hardening effect compared with SS sample. In fact, for ST sample, the increment of yield strength via aging precipitation may be underestimated due to the loss of dislocations from the matrix during aging [15, 21] . Figure 9 shows the EBSD map of edge position in STA sample. It indicates that aging treatment at 180 °C does not arouse static recrystallization, but reduces the average KAM from 1.89° to 1.28°. Thus, aging treatment can retain twin structure and texture, while reduce the dislocation hardening effect. It can be inferred that torsion deformation enhances aging hardening effect. As Torsion deformation can introduce dislocations and twin lamellae and cause textural change. Dislocations and twin boundaries can generate dislocation hardening and refinement hardening effects, respectively [21] . Thus, it could be expected that torsion deformation can enhance the tensile and compressive yield strengths. In fact, present torsion deformation increases compressive yield strength, while reduces tensile yield strength, as shown in Figure 7 . The possible reason is textural change during torsion [22] .
Textural change will influence the Schmid factor (SF) of dominated deformation modes. For extruded magnesium alloy rods with fiber texture (i.e., c-axis⊥ED), the basal slip with the lowest critical resolved shear stress (CRSS) is hard to activate owing to the low SF for deformation along ED. Under this occasion, it is generally considered that yielding in tension and compression along ED are dominated by prismatic slip and extension twinning, respectively. The large yield asymmetry of as-extruded magnesium alloy is attributed to the fact that the CRSS for extension twinning is far less than that for prismatic slip [4] . Torsion deformation causes the c-axis of the texture to rotate towards ED and the largest angle of rotation can achieve~10 • in the edge position. The textural change via torsion will increase SF of basal slip during deformation along ED, resulting in the reduction of tensile yield strength. By contrast, it could exhibit a smaller influence on the compressive yield stress due to that the difference of CRSS between basal slip and {10-12} twinning is lower than that between basal slip and prismatic slip [22, 42, 43] . Thus, textural change via torsion can effectively reduce yield asymmetry of Mg alloy rods. Figure 7 shows that aging treatment can enhance the tensile and compressive yield strength. Moreover, it can also be found that increments of yield strength via aging treatment are 33 MPa and 80 MPa for tension and compression of SS sample, respectively, and are 39 MPa and 86 MPa for tension and compression of ST sample, respectively. It shows that ST sample has higher aging hardening effect compared with SS sample. In fact, for ST sample, the increment of yield strength via aging precipitation may be underestimated due to the loss of dislocations from the matrix during aging [15, 21] . Figure 9 shows the EBSD map of edge position in STA sample. It indicates that aging treatment at 180 • C does not arouse static recrystallization, but reduces the average KAM from 1.89 • to 1.28 • . Thus, aging treatment can retain twin structure and texture, while reduce the dislocation hardening effect. It can be inferred that torsion deformation enhances aging hardening effect. As shown in Figure 6 , after torsion, the fine and high-density of continuous precipitates can be readily precipitated within the twinned regions of lower strain layer and the twinned and un-twinned regions of high strain layer. Thus, torsion deformation promotes fine continuous precipitates and suppresses coarse continuous precipitates. Promotion of continuous precipitation reduces interparticle spacing and increases number density of precipitates, resulting in the enhancement of the aging hardening effect [8] . regions of high strain layer. Thus, torsion deformation promotes fine continuous precipitates and suppresses coarse continuous precipitates. Promotion of continuous precipitation reduces interparticle spacing and increases number density of precipitates, resulting in the enhancement of the aging hardening effect [8] . Both torsion deformation and aging treatment can reduce the yield asymmetry. Firstly, textural change via torsion deformation can reduce the yield asymmetry [22] . Moreover, twin lamellae can subdivide grains and lead to refinement of grains [21] . Barnett et al. [44] reported that the refinement grain can harden the twinning-dominated yield stress more than slip-dominated yield stress. Thus, the textural change and generation of twin lamellae can both be responsible for the improvement of yield asymmetry of ST sample [21, 22] . Aging treatment can precipitate the Mg17Al12 phase with basal plates in Mg-Al alloys. It has been reported that the Mg17Al12 phase can generate a higher Orowan hardening effect on extension twinning than on prismatic slip, leading to a reduction in yield asymmetry [4] . The subsequent aging treatment after torsion not only precipitates higher-density continuous Mg17Al12 precipitates, but also retains the torsion-deformed texture and twin lamellae. It could be the reason why the yield asymmetry of STA is almost eliminated.
In this study, it has proved that torsion deformation is an effective method to improve the mechanical properties of extruded AZ91 rods. It shows that both twins and dislocations via torsion deformation can be favorable nucleation sites for the continuous precipitations. It can contribute to the enhancement of aging-hardening response and the reduction of yield asymmetry of extruded AZ91 rod. Recently, some works have focused on the enhancement of age-hardening response of Mg alloys by pre-inducing dislocations or twins [8] [9] [10] [11] [12] [13] . Some simple plastic deformation techniques (e.g., pre-tension, pre-compression and pre-rolling) have been employed to achieve this purpose [8] [9] [10] [11] [12] [13] . Moreover, severe plastic deformation processes (e.g., high-pressure torsion, equal-channel angular pressing and accumulative roll bonding) can impose a large strain to introduce a high density of lattice defects in materials and are potential methods to enhance the aging hardening response [45] . In contrast, free-end torsion deformation belongs to a simple plastic deformation technique and has some superiority to tailor the microstructure of rod-shaped materials. For example, free-end torsion has little influence on the shape and size of rods and has no limitation of sample size [30, 37] . Both torsion deformation and aging treatment can reduce the yield asymmetry. Firstly, textural change via torsion deformation can reduce the yield asymmetry [22] . Moreover, twin lamellae can subdivide grains and lead to refinement of grains [21] . Barnett et al. [44] reported that the refinement grain can harden the twinning-dominated yield stress more than slip-dominated yield stress. Thus, the textural change and generation of twin lamellae can both be responsible for the improvement of yield asymmetry of ST sample [21, 22] . Aging treatment can precipitate the Mg 17 Al 12 phase with basal plates in Mg-Al alloys. It has been reported that the Mg 17 Al 12 phase can generate a higher Orowan hardening effect on extension twinning than on prismatic slip, leading to a reduction in yield asymmetry [4] . The subsequent aging treatment after torsion not only precipitates higher-density continuous Mg 17 Al 12 precipitates, but also retains the torsion-deformed texture and twin lamellae. It could be the reason why the yield asymmetry of STA is almost eliminated.
In this study, it has proved that torsion deformation is an effective method to improve the mechanical properties of extruded AZ91 rods. It shows that both twins and dislocations via torsion deformation can be favorable nucleation sites for the continuous precipitations. It can contribute to the enhancement of aging-hardening response and the reduction of yield asymmetry of extruded AZ91 rod. Recently, some works have focused on the enhancement of age-hardening response of Mg alloys by pre-inducing dislocations or twins [8] [9] [10] [11] [12] [13] . Some simple plastic deformation techniques (e.g., pre-tension, pre-compression and pre-rolling) have been employed to achieve this purpose [8] [9] [10] [11] [12] [13] .
Moreover, severe plastic deformation processes (e.g., high-pressure torsion, equal-channel angular pressing and accumulative roll bonding) can impose a large strain to introduce a high density of lattice defects in materials and are potential methods to enhance the aging hardening response [45] . In contrast, free-end torsion deformation belongs to a simple plastic deformation technique and has some superiority to tailor the microstructure of rod-shaped materials. For example, free-end torsion has little influence on the shape and size of rods and has no limitation of sample size [30, 37] . Moreover, it can also achieve a large plastic strain without rupture or strain localization and introduce gradient microstructure [22] [23] [24] [25] [26] [27] [28] . Recent reports show preparation of gradient microstructure can provide a new sight for superior ductility-strength combination and the improvement of surface hardness, corrosion property and fatigue property [27, 46, 47] . Therefore, as a simple plastic deformation technique, free-end torsion deformation is considered to be an effective and low-cost method to fabricate the high-property rod-shaped structure parts (e.g., bearing and rotor).
Conclusions
In this study, an AZ91 magnesium alloy rod was used to investigate the effects of torsion deformation on microstructure and subsequent aging behavior. Moreover, tension and compression properties of various samples were also discussed. Following conclusions can be drawn:
1.
The SS sample has a uniform microstructure and typical fiber texture. Torsion deformation can generate gradient microstructure evolution on the cross-section of as-extruded AZ91 rod. After torsion, from the center to the edge on the cross-section of rod, both stored dislocations and area fraction of {10-12} twins gradually increase, and the basal pole of the texture tends to rotate towards ED direction.
2.
Direct aging usually generates coarse discontinuous precipitates and fine continuous precipitates simultaneously. Torsion deformation can promote continuous precipitation. Both twin structures and dislocations via torsion deformation can be effective microstructures for the nucleation of continuous precipitates.
3.
Twin structures are favorable nucleation sites only for the continuous precipitation, while the precipitation behavior of un-twinned regions largely depends on the strain amount. High strain can generate a mass of dislocations to promote continuous precipitation in un-twinned regions. Thus, ST sample exhibits gradient precipitation characteristics due to the gradient distribution of twins and dislocations. 4.
SS sample exhibits a large tension-compression yield asymmetry. Aging treatment can enhance the tensile and compressive yield strength simultaneously and reduce yield asymmetry. Torsion deformation can also reduce the yield asymmetry owing to the generation of twin lamellae and textural change. Moreover, torsion deformation can enhance the aging hardening effect. Finally, combined use of torsion deformation and aging treatment can effectively enhance the yield strength and almost eliminate the yield asymmetry of the present extruded AZ91 rod.
